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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 − 𝜆଴
6   (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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real scalar field remains, the Higgs boson H , with mass M2
H =−2µ2 = 2λv2

and self-couplings:

H

H

H= −3iM
2
H

v

H

H

H

H

= −3iM
2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms
linear in the gauge bosons W±

µ and Z0
µ, define the coupling of the SM Higgs

boson to the weak gauge fields:

V
µ

V
!

H= 2iM
2
V

v
gµν

V
µ

V
!

H

H

= 2iM
2
V

v2
gµν

We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0

µ weak boson:

H

",Z

"

H

",Z

"

as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:

12

Why is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.
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proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
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through the QCD Lagrangian to include also the strong interactions:
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New Physics Searches

๏ No new physics beyond the SM has been discovered yet

ATLAS exotic 
August 25, 2014! J. Pilcher!41!
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Then What? 

Where is New Physics? 
larger mass? Small Coupling? Too much BG? 

  

๏ Direct search for new particles

   Need colliders with larger energies (pp or e+e- with large Ecm)

๏ Indirect search for imprints on W, Z, top and Higgs 

   Need colliders/measurements with unprecedented accuracy

   (e+e- or pp with high luminosity)
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Machine Options
NATURE |  NEWS

China plans super collider
Proposals for two accelerators could see country become collider capital of the world.

22 July 2014

For decades, Europe and the United States have led the way when it comes to high-energy particle colliders. But
a proposal by China that is quietly gathering momentum has raised the possibility that the country could soon
position itself at the forefront of particle physics.

Scientists at the Institute of High Energy Physics (IHEP) in Beijing, working with international collaborators, are
planning to build a ‘Higgs factory’ by 2028 — a 52-kilometre underground ring that would smash together
electrons and positrons. Collisions of these fundamental particles would allow the Higgs boson to be studied with

Elizabeth Gibney

Martial Trezzini/epa/Corbis

The 27-kilometre Large Hadron Collider at CERN could soon be overtaken as the world’s largest particle
smasher by a proposed Chinese machine.

Nature News, July
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-Physics opportunity for HL-LHC

 14 TeV with 3 ab-1

๏ EW Physics 

    mt, mW, rare top decay, VVV/VVVV couplings, WW scattering,...

๏ Higgs Physics

    mass, width, CP, coupling, rare decay, self-coupling

๏ New heavy particles 
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 80 - 100 TeV
  

๏ new particles: a few TeV - 30 TeV, beyond LHC reach

๏ increased rate for sub-TeV particle: increased 

precision wrt LHC/ILC: Z, W, top,...

๏ rare process in sub-TeV mass range

๏ Higgs and EWSB: more Higgs couplings, WW 

scattering, Higgs self-coupling
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Physics opportunity at pp machine

 80 - 100 TeV
  

๏ new particles: a few TeV - 30 TeV, beyond LHC reach

๏ increased rate for sub-TeV particle: increased 

precision wrt LHC/ILC: Z, W, top,...

๏ rare process in sub-TeV mass range

๏ Higgs and EWSB: more Higgs couplings, WW 

scattering, Higgs self-coupling

SM Issues:
Parton distribution functions, Prof. Joey Huston (Michigan State University) 
Top PDFs, Ahmed Ismail (ANL/UIC)
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Study the SM-like Higgs

๏ Deviation of SM Higgs couplings

๏ New coupling structures, beyond the SM

๏ Higgs couples to new particles
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Study the SM-like Higgs

SM Higgs studies and couplings using 100 TeV collider  
Ian Low (Northwestern Univ. and ANL)
Higgs related SUSY and BSM phenomena  
Prof. Carlos Wagner (University of Chicago and ANL)
Di- and Triple-Higgs studies  
Dr. Chien-Yi Chen (Brookhaven National Laboratory)
Higgs and SM Physics Highlights from the LHC  
Jeffrey Berryhill (Fermilab)
Prospects of Higgs and SM measurements at HL-LHC  
Hidetoshi Otono (Kyushu, Japan)

๏ Deviation of SM Higgs couplings

๏ New coupling structures, beyond the SM

๏ Higgs couples to new particles
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LHC (now): Higgs Higgs and SM Physics Highlights from the LHC
Jeffrey Berryhill (Fermilab)

CMS-PAS-HIG-14-009
ATLAS-CONF-14-009

Parameter value
-2 -1 0 1 2

ATLAS Preliminary

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s
-1Ldt = 20.3 fb∫ = 8 TeV s

 = 125.5 GeVHm

0.19-
0.24+=0.95Zκ

σ1 

σ2 
τκ, bκ, tκ, Wκ, ZκModel: 

=13%
SM

p

0.14-
0.30+=0.68Wκ

σ1 

σ2 

[0.61,0.80]∪ tκ
 [-0.80,-0.50]∈ tκ

σ1 

σ2 

 [-0.7,0.7]∈ bκ

σ1 

σ2 

[0.67,1.14]∪ τκ
 [-1.15,-0.67]∈ τκ

σ1 

σ2 

Total uncertainty
σ 1± σ 2±

SMσ/σBest fit 
0 0.5 1 1.5 2

 0.29± = 1.00 µ       
 ZZ tagged→H 

 0.21± = 0.83 µ       
 WW tagged→H 

 0.24± = 1.13 µ       
 taggedγγ →H 

 0.27± = 0.91 µ       
 taggedττ →H 

 0.49± = 0.93 µ       
 bb tagged→H 

 0.13± = 1.00 µ       
Combined CMS

Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m
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LHC (now): Higgs Higgs and SM Physics Highlights from the LHC
Jeffrey Berryhill (Fermilab)

CMS-PAS-HIG-14-009
ATLAS-CONF-14-009
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[0.61,0.80]∪ tκ
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σ1 

σ2 

 [-0.7,0.7]∈ bκ
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σ2 

[0.67,1.14]∪ τκ
 [-1.15,-0.67]∈ τκ

σ1 

σ2 

Total uncertainty
σ 1± σ 2±

SMσ/σBest fit 
0 0.5 1 1.5 2

 0.29± = 1.00 µ       
 ZZ tagged→H 

 0.21± = 0.83 µ       
 WW tagged→H 

 0.24± = 1.13 µ       
 taggedγγ →H 

 0.27± = 0.91 µ       
 taggedττ →H 

 0.49± = 0.93 µ       
 bb tagged→H 

 0.13± = 1.00 µ       
Combined CMS

Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m

Higgs width:on-shell/off-shell ratio extrated from ZZ channel 
CMS: ΓH < 22 MeV (5.4 x SM)

ATLAS: ΓH < 20-32 MeV (4.8-7.7 x SM)
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LHC, HL-LHC: Higgs
Higgs factory
๏ 170 M Higgs produced in each experiment, ~ 2 M events after selection
๏ rare decays: µµ, Zγ, factor of 2 enhancement from 300 fb-1 to 3 ab-1

1.2 Coupling Measurements 15

Table 1-14 summarizes the expected precision on the Higgs couplings for the two aforementioned assumptions
of systematic uncertainties from the fit to a generic 7-parameter model. These 7 parameters are � , g, W ,
Z , u, d and `. In this parameter set, � and g parametrize potential new physics in the loops of
the H�� and Hgg couplings. u ⌘ t = c, d ⌘ b = s and ` ⌘ ⌧ = µ parametrize deviations to
up-and down-type quarks and charged leptons respectively assuming fermion family universality. Only SM
production modes and decays are considered in the fit. The derived precisions on the Higgs total width are
also included. The expected precision ranges from 5 � 15% for 300 fb�1 and 2 � 10% for 3000 fb�1. They
are limited by systematic uncertainties, particularly theoretical uncertainties on production and decay rates.
Statistical uncertainties are below one percent in most cases. Note that the sensitivity to u is derived from
the tt̄H production process and only H ! �� and H ! bb̄ decays have been included in the projection.

The fit is extended to allow for BSM decays while restricting the Higgs coupling to vector bosons not to
exceed their SM values (W ,Z  1). The resulting upper limit on the branching ratio of BSM decay is
included in the table. Note that the BRBSM limit is derived from the visible decays of Table 1-13 and is
independent of the limit on BRinv from the search of ZH with H ! invisible.

Also listed in the Table 1-14 are the expected precisions on Z� and µ, coupling scale factors for H ! Z�
and H ! µµ decay vertices. Given the small branching ratios of the two decays in the SM, they have
negligible impact on the 7-parameter fit. With the noted di↵erences above, ATLAS estimates are similar.

Table 1-14. Expected per-experiment precision of Higgs boson couplings to fermions and vector bosons
with 300 fb�1 and 3000 fb�1 integrated luminosity at the LHC. The 7-parameter fit assumes the SM
productions and decays as well as the generation universality of the couplings (u ⌘ t = c, d ⌘ b = s

and ` ⌘ ⌧ = µ). The precision on the total width �H is derived from the precisions on the couplings.
The range represents spread from two assumptions of systematic uncertainties, see text.

Luminosity 300 fb�1 3000 fb�1

Coupling parameter 7-parameter fit

� 5� 7% 2� 5%

g 6� 8% 3� 5%

W 4� 6% 2� 5%

Z 4� 6% 2� 4%

u 14� 15% 7� 10%

d 10� 13% 4� 7%

` 6� 8% 2� 5%

�H 12� 15% 5� 8%

additional parameters (see text)

Z� 41� 41% 10� 12%

µ 23� 23% 8� 8%

BRBSM < 14� 18% < 7� 11%

Apart from contributions from ATLAS and CMS collaborations, several independent studies [58–60] have
been performed. In Ref. [58], authors investigate top-quark Yukawa coupling through the tt̄H production
and H ! WW ⇤ decay. It is estimated that the t can be measured with a precision of 14� 16% and 6� 9%

Community Planning Study: Snowmass 2013

Factor of 1.5-2 better.

1.2 Coupling Measurements 9

fermions, such as top partners, and colored scalars can contribute to H ! gg and H ! ��, while electrically
charged scalars and heavy leptons can contribute to H ! ��. Below we examine some representative models,
in order to get a feel for the size of the possible e↵ects.

In Little Higgs models with T parity, the couplings scale with the top partner mass, MT , and assuming the
Higgs couplings to Standard Model particles are not changed, the loop induced couplings are [32],

�g ' � m2
t

M2
T

⇠ O(�8%)

✓
600 GeV

MT

◆2

, �� ' �0.28�g ⇠ O(+2%)

✓
600 GeV

MT

◆2

. (1.7)

In this scenario the production rate from gluon fusion is suppressed, while the width into �� in increased.
Adding a vector-like SU(2) doublet of heavy leptons does not change the gg ! H production rate, but can
give an enhancement in � of order ⇠ 20%, although large Yukawa couplings are required [33].

Colored scalars, such as the stop particle in the MSSM, also contribute to both g and � . If we consider
two charge- 23 scalars as in the MSSM, then for a stop squark much heavier than the Higgs boson [32],

�g ' 1

4

✓
m2

t

m2
t̃1

+
m2

t

m2
t̃2

� m2
tX

2
t

mt̃1
mt̃2

◆
⇠ O(+17%)

✓
300 GeV

mt̃

◆2

(for Xt = 0), (1.8)

where again �� ' �0.28�g. Here Xt =| At �µ cot� | is the stop mixing parameter. If Xt = 0, the Higgs
couplings to gluons is always increased and the coupling to photons decreased. If the stops are light, and
the mixing is small, large enhancements are possible. In the MSSM, there are other loop contributions to
the H�� and Hgg couplings which have been extensively studied. Enhancements in the H ! �� coupling
can be obtained with light staus and large mixing, with e↵ects on the order of ⇠ 25% [34].

In Table 1-8, we summarize the generic size of coupling modifications when the scale of new physics is
consistently taken to be M ⇠ 1 TeV.

Table 1-8. Generic size of Higgs coupling modifications from the Standard Model values when all new
particles are M ⇠ 1 TeV and mixing angles satisfy precision electroweak fits. The Decoupling MSSM
numbers assume tan� = 3.2 and a stop mass of 1 TeV with Xt = 0 for the � prediction.

Model V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%

2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% ⇠ �.4%

Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ +1%

1.2.3 Theory Uncertainties on LHC Higgs Production

The uncertainty on Higgs production has been studied by the LHC Higgs cross section working group for the
various channels and is summarized in Table 1-9 [35]. These uncertainties must be included in extractions of
the scale factors i from LHC data. The error includes factorization/renormalization scale uncertainty and
the correlated uncertainty from ↵s and the PDF choice, which are added linearly. The scale uncertainty on
the gluon fusion rate is ⇠ ±10%, which can potentially be significantly reduced with the inclusion of recent

Community Planning Study: Snowmass 2013

The details of the optimal strategy for the next large facility after the LHC can only be finalized
once the results of the LHC run at 13-14 TeV are known.Depending on these results, a first step in the
strategy to look beyond the LHC findings could require a facility that would measure the Z, W, top-quark
and Higgs-boson properties with sufficient accuracy to provide sensitivity to new physics at a much
higher energy scale. The strategy could then be followed by a second step that would aim at discovering
this new physics directly, via access to a much larger centre-of-mass energy.

For example, new physics at an energy scale of 1 TeV would translate typically into deviations
�gHXX of the Higgs boson couplings to gauge bosons and fermions, gHXX, of up to 5% with respect to
the Standard Model predictions [6, 7], with a dependence that is inversely proportional to the square of
the new energy scale ⇤:

�gHXX

gSMHXX

 5%⇥
✓
1TeV

⇤

◆2

. (1)

Therefore the Higgs boson couplings need to be measured with a per-cent accuracy or better to be
sensitive to 1 TeV new physics, and with a per-mil accuracy to be sensitive to multi-TeV new physics.
Similarly, Electroweak precision measurements made at LEP with 107 Z decays, together with accurate
W and top-quark mass measurements from the Tevatron, are sensitive to weakly-coupled new physics at
a scale up to 3 TeV. To increase this sensitivity up to 30 TeV, an improvement in precision by two orders
of magnitude, i.e., an increase in statistics by four orders of magnitude to at least 1011 Z decays, would
be needed. At the same time, the current precision of the W and top-quark mass measurements needs to
be improved by at least one order of magnitude, i.e., to better than 1 MeV and 50 MeV respectively, in
order to match the increased Z-pole measurement sensitivity. These experimental endeavours will also
require significant theoretical effort in a new generation of theoretical calculations in order to reap the
full benefits from their interpretation.

Among the various possibilities on the table today (pp colliders, e+e� colliders, µ+µ� colliders
and �� colliders), it seems that circular e+e� colliders offer the best potential to deliver the integrated
luminosities that would be adequate to reach such levels of precision. The proposed TLEP e+e� col-
lider [8], which could be hosted in a new 80 to 100 km tunnel [9] in the Geneva area, as seen in Fig. 2,
would be able to produce collisions at centre-of-mass energies from 90 to 350 GeV and beyond, at sev-
eral interaction points, and make precision measurements at the Z pole, at the WW threshold, at the HZ
cross section maximum, and at the tt̄ threshold, with an unequalled accuracy. The same tunnel will be
designed to host a hadron collider (called the VHE-LHC), at a centre-of-mass energy of up to 100 TeV,
which would give direct access to new physics up to scales of 30 TeV. This visionwas already put for-
ward by the ICFA beam-dynamics workshop [10] where the design study of a circular Higgs factory was
recommended. It is fully in-line with the recent update of the European Strategy, approved at the end of
May 2013 by the CERN Council [11]. In particular, the Council calls upon the Organization to develop a
proposal for an ambitious post-LHC accelerator project at the high-energy frontier, and recalls the strong
scientific case for an e+e� collider that can study the properties of the Higgs boson and other particles
with unprecedented precision. This global vision is now being implemented at CERN under the “Future
Circular Colliders” (FCC) international design study.

This paper is organized as follows. The main characteristics of the TLEP collider relevant for
the physics case are summarized in Section 2. In Sections 3 and 4, an overview of the TLEP poten-
tial for precise measurements of the Higgs boson properties and of the EWSB parameters is presented.
Possible follow-on projects, which include an increase of the TLEP centre-of-mass energy to 500 GeV,
and complementing TLEP with a 100 TeV pp collider, the VHE-LHC, are described briefly in Sec-
tion 5. Comparisons with the potential of the high-luminosity LHC upgrade (HL-LHC) and of linear
collider projects are made throughout. This paper represents the current, preliminary understanding of
the physics potential of TLEP, complemented with mentions of the VHE-LHC reach whenever appropri-
ate. A five-year-long design study – responding to the recent European Strategy update and part of the
CERN medium-term plan [12] for 2014–2018 – has been launched to refine this understanding, as well

6

New physics contribution

Might be good for some 
new physics with scale < 1 TeV

Snowmass Higgs Working Group, 1310.8361

Prospects of Higgs and 
SM measurements at HL-LHC
Hidetoshi Otono (Kyushu, Japan)

SM Higgs studies and couplings using 100 TeV collider  
Ian Low (Argonne National Laboratory)
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HL-LHC: Higgs self-coupling

Design Targets Based on Physics 
Aspirations? 

• Higgs self-coupling is an 
important parameter of SM

• Test through di-HIggs 
production

• Experiments are still working 
on projections of precision

• Critically dependent on 
detector many aspects of 
detector performance
• b-tagging, 

resolution, fake 
rates

• Small cross-section, large 
backgrounds

• Clearly needs full HL-LHC 
luminosity

• And detectors that 
maximize the 
experimental efficiency

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H
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g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ

2

(

1− 2
M2

H

ŝ
∓
√

1−
4M2

H

ŝ

)

, (5)

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process

6

-
ghhh ⌘ 3�v =

3M2
H

v
M2

H = �v2

ECFA HL-LHC Workshop (1-3 October, Aix-les-Bains, France)Bryan Dahmes (University of Minnesota) 8

Additional Object Performance

● ATLAS Photon ID and 
isolation efficiency using 
current algorithms and 
PU=80

● Expected to apply to 
PU=140 after tuning

● ATLAS missing ET 
parametrization 

W.Murray STFC/Warwick 35

Higgs boson pair-production

Needs observation of Higgs pairs
Expected σ

HH
=40±3fb → 120K events

Finding one was tough with ~500K events

But it is not enough
Both the above diagrams (and more) contribute
Negative interference :(

Ongoing studies suggest some sensitivity
Low rate makes high demands on detectors & lumi
Theoretical studies suggest possible: 1309.6318

bbWW 30000

bbττ 9000

WWWW 6000

γγbb 320

γγγγ 1

Expected events

Instead of asking with what precision can observe di-
Higgs, easier (and maybe more useful) might be to set 

detector requirements to make N σ measurement
 14Thursday, October 3, 13

With%3%ab)1%

Higgs Self-Coupling
• If the observed Higgs particle is really 

the quanta of a field with non-zero 
expectation value responsible for EWSB 

• Mass of the particle must be 
related to λSM of the potential 

!
!

• LHS is being measured directly by 
H to ZZ to 4l etc. 

• RHS can be accessed by studying 
rate of di-Higgs production 

• Contributing diagram involving 
Higgs self coupling, gHHH 

• Negative interference with other 
diagrams

Preliminary expectation of ~30% precision, 
studies ongoing (bbττ,bbγγ,bbWW modes)
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,
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The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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+
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Negative interference reduces the sensitivity to gHHH

๏A sensitivity of 30-50% might be achieved for bbγγ
๏ New physics deviation typically less than 20%

Di- and Triple-Higgs studies  
Dr. Chien-Yi Chen (Brookhaven National Laboratory)
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100 TeV pp: Higgs   
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MCFM + Higgs European Strategy

Snowmass QCD Working Group: 1310.5189

21

Higgs pair production in gg fusion

Grober and Muhlleitner,  arXiv:1012.1562

A typical feature of composite Higgs models is the appearance of a ttHH effective 
coupling, which contributes to gg→HH

gttHH = Δ (ytop / v) 
g3H = g3HSM

A ⇠ m2
t

v2
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◆

gttHH = 0 
g3H = (1+Δ) g3HSM

Contino et al, arXiv:1205.5444

Process    σ (100 TeV)/σ (14 TeV) 
 
Total pp       1.25 
 
W                 ~7  
Z                  ~7 
WW             ~10 
ZZ               ~10 
tt                ~30     
 
H                  ~15     (ttH  ~60)  
 

HH               ~40 
 
stop              ~103 

(m=1 TeV)  

λt : 1%
λ :  8%
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WW scattering? 

W_L W_L scattering and VBF Physics at 100 TeV Collider
Prof. Ashutosh Kotwal (Duke University) 
Higgs and SM Physics Highlights from the LHC
Jeffrey Berryhill (Fermilab)
Prospects of Higgs and SM measurements at HL-LHC
Hidetoshi Otono (Kyushu, Japan)
Prospects of New Physics searches using HL-LHC
Altan Cakir (DESY)
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BSM Higgs Sectors



S. Su 20

-

BSM Higgs Sectors

๏ Implication of SM-like Higgs on BSM models

๏ Direct search for BSM Higgses
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BSM Higgs Sectors

Extended Higgs sector (other Higgs)  
Dr. John Stupak (Purdue University Calumet)
Higgs related SUSY and BSM phenomena  
Prof. Carlos Wagner (University of Chicago and Argonne National Laboratory)
Prospects of Higgs and SM measurements at HL-LHC
Hidetoshi Otono (Kyushu, Japan)

๏ Implication of SM-like Higgs on BSM models

๏ Direct search for BSM Higgses
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LHC: HSM implication on 2HDM
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Extended Higgs sector (other Higgs)  
Dr. John Stupak (Purdue University Calumet)
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Dr. John Stupak (Purdue University Calumet)
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LHC:  MSSM
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Higgs related SUSY and BSM phenomena  
Prof. Carlos Wagner (U.of Chicago and ANL)
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LHC:  MSSM
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Higgs related SUSY and BSM phenomena  
Prof. Carlos Wagner (U.of Chicago and ANL)
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LHC(now):  BSM Higgses

Conventional search channel: H/A ➔ γγ, ZZ, WW, ττ, bb 
(even for non-SM Higgs)

SUSY and BSM Highlights from the LHC
James PILCHER (University of Chicago)

CMS: 1408.3316
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Exotic Decay for Other Higgses

New channels open up for non-SM Higgs decay

HH type (bb/ττ/WW/ZZ)(bb/ττ/WW/ZZ) hSM ➞ AA, 
H ➞ hSM hSM, 
H ➞ AA, 
Ai ➞ HjAk,...

H+H- type (τν/tb)(τν/tb) H/A ➞ H+H- 

ZH type (ll/qq/νν)(bb/ττ/WW/ZZ) hSM ➞ ZA, 
A➞ ZhSM, ...

WH± type (lν/qq’) (τν/tb) H/A➞ WH±

WH type (lν/qq’)(bb/ττ/WW/ZZ) tH± production, 
H±➞ WH
H±➞ WA

Relax current limits



S. Su 24

-

Exotic Decay for Other Higgses

New channels open up for non-SM Higgs decay

HH type (bb/ττ/WW/ZZ)(bb/ττ/WW/ZZ) hSM ➞ AA, 
H ➞ hSM hSM, 
H ➞ AA, 
Ai ➞ HjAk,...

H+H- type (τν/tb)(τν/tb) H/A ➞ H+H- 

ZH type (ll/qq/νν)(bb/ττ/WW/ZZ) hSM ➞ ZA, 
A➞ ZhSM, ...

WH± type (lν/qq’) (τν/tb) H/A➞ WH±

WH type (lν/qq’)(bb/ττ/WW/ZZ) tH± production, 
H±➞ WH
H±➞ WA

Relax current limits



S. Su 25

-

B. Coleppa, F. Kling, SS (2014)

pp→H/A→AZ/HZ→ ττ ll, bbll

LHC: H/A ➔ AZ/HZ
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B. Coleppa, F. Kling, SS (2014)

pp→H/A→AZ/HZ→ ττ ll, bbll

LHC: H/A ➔ AZ/HZ
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B. Coleppa, F. Kling, SS (2014)

pp→H/A→AZ/HZ→ ττ ll, bbll

LHC: H/A ➔ AZ/HZ

200 300 400 500 600

20

50
100
200

500
1000

mA HGeVL

s
x
B
R
HfbL 5s Discovery

ggÆAÆHZÆbb { {

200 300 400 500 600

10

20

30

40

50

mA HGeVL
ta
n
b

AÆ h0 Z
mh0=50 GeV
sin Hb-aL=0

200 300 400 500 600
1

2

5

10

20

50

mA HGeVL

ta
n
b

5s Discovery
ppÆAÆtt

s = 14 TeV, 30 fb-1

LHC 14, 100 fb-1



S. Su 26

-

B. Coleppa, F. Kling, SS (2014)

pp→H/A→AZ/HZ→ ττ ll, bbll

LHC: H/A ➔ AZ/HZ

complementary to the conventional ττ  mode 
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pp→H/A→AZ/HZ→ ττ ll, bbll

LHC: H/A ➔ AZ/HZ

m(A) = 800 GeV

Extended Higgs sector (other Higgs)  
Dr. John Stupak (Purdue University Calumet)

Brownson et. al., 1308.6334
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pp→H/A→AZ/HZ→ ττ ll, bbll

LHC: H/A ➔ AZ/HZ

m(A) = 800 GeV

Extended Higgs sector (other Higgs)  
Dr. John Stupak (Purdue University Calumet)

Brownson et. al., 1308.6334

complementarity between direct search and coupling measurements.
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LHC:  H±➔ AW/HW 

Charged Higgs search is difficult!
๏ small production cross section
๏  H± ➔ tb, large backgrounds
๏ H± ➔ τν, cs, suppressed signal
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in panel (c) with the decay of one (possibly offshell) top into a charged Higgs dominates.
The exclusion and discovery reach in � ⇥ BR obtained in this section will cover the entire
kinematically possible mass range. When interpreting the results in the Type II 2HDM in
Sec. 5, we focus on the high mass region: mH± > mt. For the low mass range where the
t¯t production dominates, the bounds are usually translated into limits on the branching
fraction BR(t ! H±b) [41].

(a)
(b) (c)

Figure 3. t-channel (a), s-channel (b) and t¯t-like (c) diagrams contributing to heavy quark asso-
ciated charged Higgs production [40].

In principle the neutral Higgs boson can either be CP-even (denoted by H) or CP-
odd (denoted by A). In the analysis that follows, we use the decay H± ! AW± as an
illustration. Since we do not make use of angular correlations, the bounds obtained for
H± ! AW± apply to H± ! HW± as well.

The neutral Higgs boson itself will further decay. We only look at the fermionic decays
A ! bb, ⌧⌧ . While the bb case has the advantage of a large branching fraction BR(A ! bb),
the ⌧⌧ case has less SM backgrounds and therefore leads to a cleaner signal. We study both
leptonic and hadronic ⌧ decays and consider the three cases: ⌧had⌧had, ⌧lep⌧had and ⌧lep⌧lep.
The ⌧lep⌧had case is particularly promising since we can utilize the same sign dilepton signal
with the leptons from W decay and from ⌧ decay. Exotic decays of A/H into pairs of vector
bosons or other Higgs bosons will most likely be suppressed or have a very complex final
state. Since the top quark decays to bW , the final state contains two W bosons. To reduce
the backgrounds, in our analysis we assume one of these two W bosons decays leptonically,
with the other W decaying hadronically.

We use Madgraph 5/MadEvent v1.5.11 [42] to generate our signal and background
events. These events are passed to Pythia v2.1.21 [43] to simulate initial and final state
radiation, showering and hadronization. The events are further passed through Delphes 3.07
[44] with the Snowmass combined LHC detector card [45] to simulate detector effects. The
discovery reach and exclusion bounds have been determined using the program theta-auto
[46].

In this section, we will present model independent limits on the � ⇥ BR for both 95%
C.L. exclusion and 5� discovery for both possible final states ⌧⌧bbWW and bbbbWW . For
the signal process, we generated event samples at 14 TeV LHC for pp ! H±tb ! AW±tb

with the daughter particle mass fixed at mA = 50, 126, 200 GeV to represent the cases with
a light, SM-like, and a heavy Higgs respectively. For each case, we vary the parent particle
mass mH± in the range 150 � 600 GeV.

– 8 –
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B. Coleppa, F. Kling, SS (2014)

LHC:  H±  
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B. Coleppa, F. Kling, SS (2014)

LHC 14, 300 fb-1

Type II 2HDM

pp→H± tb→AW/HW tb→ ττ bb lν qq
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B. Coleppa, F. Kling, SS (2014)

Reach at small tan β: complementary to the H± ➔ τν channel 

LHC 14, 300 fb-1

Type II 2HDM

pp→H± tb→AW/HW tb→ ττ bb lν qq
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B. Coleppa, F. Kling, SS (2014)

Reach at small tan β: complementary to the H± ➔ τν channel 

LHC 14, 300 fb-1

Type II 2HDM

pp→H± tb→AW/HW tb→ ττ bb lν qq
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100 TeV reach for BSM Higgses needed, 
both for conventional channels and exotic channels. 
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Naturalness and Top Partners 

1.3 Discovery Stories 43

1.3.12.2 Naturalness

If nature is described by the standard model with an elementary Higgs boson up to the Planck scale, then
the observed Higgs boson mass is the sum of di↵erent contributions that must cancel to an accuracy of
✏ ⇠ (125 GeV/M

Planck

)2 ⇠ 10�30. This arises because the mass-squared parameter in the SM Lagrangian
is quadratically sensitive to large mass scales. If this divergence is cut o↵ by new physics at a scale M

NP

the tuning is reduced to ✏ ⇠ (125 GeV/M
NP

)2. This is the basic naturalness argument for new physics at
the TeV scale. The normalization and quantitative interpretation of naturalness estimates are not clear, but
the quadratic scaling with M

NP

is robust, and fine tuning can be used as a rough guide for where to expect
new physics. This argument is independent of supersymmetry or any other scenario for physics beyond the
standard model.

In the standard model, the largest contribution to the Higgs mass that must be cut o↵ by new physics comes
from the top loop. Although this is a loop e↵ect, the coe�cient is large because of the large top coupling and
the QCD color factor. This directly motivates searches for new physics in the top sector, such as searches for
stops in SUSY and fermionic top partners in composite scenarios. These are discussed in §1.3.5 and §1.3.9
of this report, respectively. The summary is that LHC14 with 300 fb�1 has sensitivity for these new states
to approximately the TeV scale. Taken at face value, this implies roughly a tuning of ✏ ⇠ 1%.

Should this be taken as evidence that nature is unnatural? A possibly useful historical analogy from
cosmology is that in the early 1990s the quadrupole anisotropy of the cosmic microwave background appeared
to be below expectations from cold dark matter cosmology. This was arguably the ‘discovery mode’ for this
cosmological model, and the reason it was not found earlier is that it is coindidentally small, with a probability
from cosmic variance of roughly 1%. The lesson may be that unfavorable accidents at the 1% level do happen
in discovery modes for fundamental new physics.

We can therefore ask how well future experiments will probe naturalness. A rough summary is that the HL-
LHC increases the reach for new heavy particles by 10% to 20%. This does not make a dramatic impact on
naturalness, although it should be kept in mind that the new mass range that is being probed is in the most
interesting range in a wide range of well-motivated models, as discussed above. In addition, the HL-LHC
can close many (but not all) low-mass loopholes due to higher luminosity and improved systematics.

If we push to higher energies with a 100 TeV VLHC, we can probe colored SUSY partners at the 10 TeV
scale. Based on the scaling of tuning, we expect this to probe tuning to the level ✏ ⇠ 10�4. This is a very
strong motivation to expect the discovery of new physics.

On the other hand, in the scenario we are considering it may be that the top partners or other new particles
have been missed at the LHC14 with 300 fb�1 because of highly compressed spectrum or other low-mass
loopholes. At an e+e� collider, new particles can be searched for in a nearly loophole-free way, typically for
masses of up to

p

s/2. In SUSY e+e� colliders can directly probe another source of tuning: the Higgsino
mass generically contributes directly to the Higgs mass, and therefore SUSY models with heavy Higgsinos
require tuning at the level of ✏ ⇠ (125 GeV/m

˜H)2. An e+e� collider can search for Higgsinos in a model-
independent way up to essentially

p

s/2. At a 1 TeV e+e� collider, we can therefore probe tuning at the
level of ✏ ⇠ 1% in SUSY [30]. Precision studies of the Higgsino sector may also allow indirect indications of
the electroweak gaugino masses even if the associated particles in the multi-TeV range [44].

1.3.12.3 Flavor, CP, and Precision Measurements

Many models of new physics have potential contributions to flavor, CP, and precision electroweak observables
at a level that may point to new physics at a scale of roughly 10 TeV. For example, SUSY has additional

Community Planning Study: Snowmass 2013
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๏ A light Higgs mass and top contribution ⇒ top parter @ TeV scale

๏ top partner ➔ top (or bW) + X

 
   decay might be highly suppressed. 
๏ top partner not necessary charged under SU(3)C

      could hide at the LHC or pp machine (strong production)

 Naturalness: Top Partner

(mH2)physical ∼ (mH2)bare    +     Λcutoff2                           -     Λcutoff2                                

Top partners including SUSY stop productions, Aram Avetisyan (Boston University)
Composite Higgs, Giuliano Panico (CERN & ETH Zurich)
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Prospects of New Physics searches using HL-LHC
Altan Cakir (DESY)LHC/HL-LHC: stop
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Prospects of New Physics searches using HL-LHC
Altan Cakir (DESY)LHC/HL-LHC: stop
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๏ Mass reach extended by a factor of 2 at 14 TeV, 300 fb-1

๏ further extended by 20% at 3 ab-1

๏ If no excess seen at 300 fb-1, can not be seen at 3 ab-1

True for many other new particle searches as well. 

Prospects of New Physics searches using HL-LHC
Altan Cakir (DESY)LHC/HL-LHC: stop
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100 TeV pp: Stop

๏ HL-LHC: mass, coupling, decay channels, spin
๏ 100 TeV pp: stop-stop-h production
๏ ILC: light stop < Ecm/2
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T. Cohen et. al, 1406.4512

SUSY Colored production with gluinos and squarks  
Mike Hance (LBNL)
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Stop decay

χ10

χ1±

b χ1± 
t χ10 

t1
~

w χ10 
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Stop decay

χ10

χ1±

b χ1± 
t χ10 

t1
~

χ20

t χ20 

w χ10 

Z/h χ10 

t χ20  could be competitive
๏ Current limit based on t χ10 and b χ1±  become much weaker
๏ new final state for stop searches: 
   (bW)(tZ/h)MET, (tZ/h)(tZ/h)MET
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Stop decay

Higgsino NLSP, Bino LSP, left stop/sbottom
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Naturalness

๏ LHC: TeV scale for top partner, ε~1%
๏ HL-LHC: 
   increase the reach by 10-20%, measure top partner property
๏ 100 TeV VLHC: 10 TeV level, ε~10-4

๏  ILC: Ecm/2, 1 TeV machine, ε~1%
   Precision measurements, multi TeV level  
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1.3.12.2 Naturalness

If nature is described by the standard model with an elementary Higgs boson up to the Planck scale, then
the observed Higgs boson mass is the sum of di↵erent contributions that must cancel to an accuracy of
✏ ⇠ (125 GeV/M

Planck

)2 ⇠ 10�30. This arises because the mass-squared parameter in the SM Lagrangian
is quadratically sensitive to large mass scales. If this divergence is cut o↵ by new physics at a scale M

NP

the tuning is reduced to ✏ ⇠ (125 GeV/M
NP

)2. This is the basic naturalness argument for new physics at
the TeV scale. The normalization and quantitative interpretation of naturalness estimates are not clear, but
the quadratic scaling with M

NP

is robust, and fine tuning can be used as a rough guide for where to expect
new physics. This argument is independent of supersymmetry or any other scenario for physics beyond the
standard model.

In the standard model, the largest contribution to the Higgs mass that must be cut o↵ by new physics comes
from the top loop. Although this is a loop e↵ect, the coe�cient is large because of the large top coupling and
the QCD color factor. This directly motivates searches for new physics in the top sector, such as searches for
stops in SUSY and fermionic top partners in composite scenarios. These are discussed in §1.3.5 and §1.3.9
of this report, respectively. The summary is that LHC14 with 300 fb�1 has sensitivity for these new states
to approximately the TeV scale. Taken at face value, this implies roughly a tuning of ✏ ⇠ 1%.

Should this be taken as evidence that nature is unnatural? A possibly useful historical analogy from
cosmology is that in the early 1990s the quadrupole anisotropy of the cosmic microwave background appeared
to be below expectations from cold dark matter cosmology. This was arguably the ‘discovery mode’ for this
cosmological model, and the reason it was not found earlier is that it is coindidentally small, with a probability
from cosmic variance of roughly 1%. The lesson may be that unfavorable accidents at the 1% level do happen
in discovery modes for fundamental new physics.

We can therefore ask how well future experiments will probe naturalness. A rough summary is that the HL-
LHC increases the reach for new heavy particles by 10% to 20%. This does not make a dramatic impact on
naturalness, although it should be kept in mind that the new mass range that is being probed is in the most
interesting range in a wide range of well-motivated models, as discussed above. In addition, the HL-LHC
can close many (but not all) low-mass loopholes due to higher luminosity and improved systematics.

If we push to higher energies with a 100 TeV VLHC, we can probe colored SUSY partners at the 10 TeV
scale. Based on the scaling of tuning, we expect this to probe tuning to the level ✏ ⇠ 10�4. This is a very
strong motivation to expect the discovery of new physics.

On the other hand, in the scenario we are considering it may be that the top partners or other new particles
have been missed at the LHC14 with 300 fb�1 because of highly compressed spectrum or other low-mass
loopholes. At an e+e� collider, new particles can be searched for in a nearly loophole-free way, typically for
masses of up to

p

s/2. In SUSY e+e� colliders can directly probe another source of tuning: the Higgsino
mass generically contributes directly to the Higgs mass, and therefore SUSY models with heavy Higgsinos
require tuning at the level of ✏ ⇠ (125 GeV/m

˜H)2. An e+e� collider can search for Higgsinos in a model-
independent way up to essentially

p

s/2. At a 1 TeV e+e� collider, we can therefore probe tuning at the
level of ✏ ⇠ 1% in SUSY [30]. Precision studies of the Higgsino sector may also allow indirect indications of
the electroweak gaugino masses even if the associated particles in the multi-TeV range [44].

1.3.12.3 Flavor, CP, and Precision Measurements

Many models of new physics have potential contributions to flavor, CP, and precision electroweak observables
at a level that may point to new physics at a scale of roughly 10 TeV. For example, SUSY has additional
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• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.

stop

Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.
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Dark Matter

Investigate the WIMP dark matter: 
cover all the ground

- Dark matter is the only known new physics 
beyond the Standard Model. 

-  

LHC VLHC 
100 TeV

ILC/CLIC

MDM ~102s GeV MDM ~TeV(s)
MDM ~ 0.5 Ecm 
Spin, coupling
Is it WIMP?

for physics beyond the standard model, including supersymmetry, composite models, and extra
dimensions.

Very roughly, all these extensions reduce the scale ⇤ to which the Higgs boson mass is sensitive
to the TeV range. The LHC14/300 will perform a wide range of searches for many kinds of new
physics with reach extending to several TeV. Although fine-tuning is notoriously di�cult to quantify
precisely, it is probably fair to say that these null results imply some degree of fine-tuning in all
of these models, perhaps at the level of 10�2. Even if this is the case, it is worth keeping in mind
that this represents a tuning of a single parameter, and 1% accidents are not uncommon in nature.
For example, the leading quadrupole moment anisotropy in the cosmic microwave background is
tuned by more than 1%, even with cosmic variance taken into account. Before the other multipole
moments were measured, this was seen as a problem for the standard cold dark matter cosmology,
but the measurements of 100’s of other multipoles have spectacularly confirmed this picture in
detail. Similarly, while not finding any new physics at the LHC14/300 would be an unwelcome
surprise, it does not diminish the importance of investigating the ideas that eliminate the 10�32

tuning of the standard model.
Particle physicists have also investigated the possibility that tuning in the Higgs mass as well

as the (much larger) tuning of the cosmological constant are the result of the fact that fundamental
parameters may be tuned by anthropic selection e↵ects. Even in such a scenario, the existence of
dark matter and gauge coupling unification still motivate new physics at the electroweak scale.

Dark Matter One of the best motivated dark matter candidate is the Weakly Interacting Massive
Particle (WIMP). It begins with the simple assumption that dark matter couples weakly to the
Standard Model particles, and they are in thermal equilibrium in the early universe. In this scenario,
there is an upper limit on the WIMP mass

m
WIMP

 2 TeV

 
g2

e↵

0.3

!

, (1)

where g
e↵

is the coupling strength between dark matter and the Standard Model particles. The
most model independent collider search relies on the associated production of a pair of WIMPs
together with a hard radiation, e.g., a jet, a photon, etc []. LHC14/300 will only cover the WIMPs
up to a couple hundred GeV, while LHC14/3000 can probably double the reach. At the same
time, a higher energy VLHC at 33/100 TeV can really extend the reach of WIMPs into the TeV(s)
regime and cover the main parameter region of the WIMP scenario.

Little Hierarchy Naturalness arguments point towards TeV scale as the place for new physics.
However, there is a well known tension between this expectation and the outcome of a host of low
energy precision measurements, including flavor changing neutral current processes, CP violation,
as well as electroweak precision measurements. In the simplest new physics models, the absence
of any deviation from the Standard Model predictions in those measurements seems to prefer at
least 10 TeV as the scale of new physics. This is known as the little hierarchy problem, which is
ubiquitous (in somewhat di↵erent forms) among new physics scenarios. Many delicate models have
been constructed in the past two decades to address it. However, it remains a distinct possibility
that the lesson from the simplest models needs to be taken seriously. In this case, the new physics
is beyond the reach of the LHC14, and but within the reach of LHC33 and LHC100.

Supersymmetry: Supersymmetry predicts superpartner particles for all standard model parti-
cles. Superpartners with QCD color are expected to be heavier than those with only electroweak

8
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Dark Matter, WIMPS or Axions  
Prof. Liantao Wang (University of Chicago)
Vector boson productions associated with new physics  
Prof. Bhaskar Dutta (Texas A&M University)
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  Effective operator 

๏ study effective operators that couples DM to SM quarks/gluons 
๏ same operator also contribute to DM direct detection: complementary  
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Whether a 33 TeV or a 100 TeV pp machine will be able to see such a resonance in the t t̄ final state or in the
dijet mass spectrum depends on the localization of the quarks, which control the branching fraction of the KK
gluon as well as the flavor violating couplings of KK resonances to quarks. In contrast to supersymmetric
models in which the flavor sector is in principle disconnected from collider observables, for RS models,
measurements at the intensity frontier can set a roadmap for future direct searches.

Reference [13] shows, how the recent discovery of the Bs ! µ+µ� decay mode at LHCb constrains the
parameter space of warped models and how projected improvements in measurements of rare Kaon decays
will further narrow down these parameters. In particular the expected precision measurements from ORKA
[79] and KEK [1] have the potential to not only determine these localization parameters but also identify the
underlying electroweak bulk gauge group of the RS model. Figure 1-37 shows the reach of dijet searches in
dependence on the localization of the right-handed top quark (cu3), the orthogonal correlation of B(KL !

µ+µ�) and B(K+

! ⇡+⌫⌫̄) for the minimal and custodial model as well as the cu3 dependence of the size
of e↵ects in B(K+

! ⇡+⌫⌫̄) and B(KL ! ⇡0⌫⌫̄) in these two classes of models.

Models with further structure in the gauge and flavor sectors can lead to lower KK mass scales, which could
be in the reach of the 14 TeV LHC [12] or lead to interesting signatures like the flavor violating decay of the
KK gluon into top and charm quarks, testable at the an upgraded pp machine [99].

1.3.12 ‘Only’ the Standard Model

We now consider an ‘anti-discovery’ scenario where LHC14 with 300 fb�1 does not discover any additional
particles or observe any anomalies. Such a run will have significant acheivements: the LHC will have not
only discovered the Higgs boson, but will have made impressive progress in the program of precision Higgs
measurements. Projections for these are discussed in the Higgs working group report. The scenario we are
now considering also assumes that the improved measurements of Higgs couplings from LHC14 300 fb�1 are
consistent with their standard model values. It also assumes that there is no discovery of physics beyond the
standard model from the intensity frontier program (e.g. new flavor violation) or the cosmic frontier program
(e.g. dark matter direct detection). Any such discovery would be a sign of new physics that could be at the
TeV scale, giving additional motivation for continued exploration of the energy frontier. But if there is no
discovery of new fundamental physics, is our motivation for exploring the TeV scale reduced?

As discussed throughout this report, there are a number of big questions and big ideas that can be explored
at the TeV scale. The big questions that have the strongest link to the TeV scale are the origin of dark
matter and the naturalness of the Higgs boson. We discuss these questions in the context of the no-discovery
scenario below.

1.3.12.1 Dark Matter

Probably the best-motivated dark matter candidate is a weakly interacting massive particle (WIMP). This
requires only that the dark matter is a neutral stable particle that couples weakly to the standard model,
and that the dark matter particles are in thermal equilibrium with the standard model particles in the early
universe. In this scenario, there is an upper limit on the WIMP mass

m
WIMP

 2 TeV

✓
g2

e↵

0.3

◆
, (1.2)

where g
e↵

is the coupling strength between dark matter and the SM particles, which we have normalized to
the weak coupling in the SM. The dark matter mass can easily be at the TeV scale, and LHC14 with 300 fb�1
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S. Su 40

-

  Direct detection versus collider reach 
LUX collaboration, 2013

Rick Gaitskell (Brown) / Dan McKinsey (Yale)LUX Dark Matter Experiment / Sanford Lab
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Figure 1-6. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
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exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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Figure 1-6. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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Figure 1-6. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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Figure 1-6. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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particles (WIMPs) [28]. These are expected to couple to SM particles through a generic

weak interaction, which could be the known weak interaction of the SM or a new type of

interaction. Such a new particle is a cold dark matter candidate, which can be produced at

the LHC. It results in the correct relic density values for non-relativistic matter in the early

universe [29], as measured by the WMAP satellite [30], if its mass lies in the range between

a few GeV and a TeV and if it has electroweak-scale interaction cross sections. The fact

that a new particle with such properties can be a thermal relic of the early universe in ac-

cordance with the WMAP measurements is often referred to as the WIMP miracle. Many

new particle physics models designed to solve the hierarchy problem also predict WIMPs.

Because WIMPs do not interact with the detector material, their production leads to

signatures with missing transverse momentum (pmiss
T )1, the magnitude of which is called

Emiss
T . Searches involving Emiss

T at the LHC are therefore canonical WIMP searches, al-

though the LHC experiments cannot establish whether a WIMP candidate is stable on

cosmological time scales and hence a DM candidate. In some supersymmetric models,

WIMPs are expected to be dominantly produced in cascade decays of heavier unstable

supersymmetric particles along with high transverse momentum (pT = |pT|) SM particles.

In a more model-independent approach, WIMP pair production at colliders is proposed to

yield detectable Emiss
T if the WIMP pair is tagged by a jet or photon from initial- or final-

state radiation (ISR/FSR) [13, 31]. Even though this approach does not rely on a specific

BSM scenario, it does have assumptions: WIMPs are pair-produced at the LHC and all

new particles mediating the interaction between WIMPs and the SM are too heavy to be

produced directly; they can thus be integrated out in an effective field theory approach.

The resulting interaction is hence a contact interaction between the dark sector and the

SM. It is worth noting that the DM particles are not explicitly assumed to interact via the

weak force. They may also couple to the SM via a new force. Throughout this work, the

terms WIMP and DM particle (candidate) are synonymous.

Name Initial state Type Operator

D1 qq scalar mq

M3
!
χ̄χq̄q

D5 qq vector 1
M2

!
χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

!
χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

!
χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

!
χ̄χαs(Ga

µν)
2

Table 1. Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,
following the formalism of ref. [32]. The tensor operator D9 describes a magnetic-moment coupling.
The factor of the strong coupling constant αs in the definition of D11 accounts for this operator
being induced at one-loop level. Gµν is the colour field-strength tensor.

1Letters in bold font are used for vector quantities.
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Dark Matter

๏ Dark matter at TeV scale (Wino or Higgsino LSP)
➡ can not be explored at LHC 14 with 300 fb-1

➡ enhanced reach at VLHC 33 or 100 TeV
๏ Smaller dark matter mass

➡ low mass loopholes of suppressed coupling or compressed 
spectrum, small MET
➡ e+e- collider, reach Ecm/2.

1.3 Discovery Stories 41

Whether a 33 TeV or a 100 TeV pp machine will be able to see such a resonance in the t t̄ final state or in the
dijet mass spectrum depends on the localization of the quarks, which control the branching fraction of the KK
gluon as well as the flavor violating couplings of KK resonances to quarks. In contrast to supersymmetric
models in which the flavor sector is in principle disconnected from collider observables, for RS models,
measurements at the intensity frontier can set a roadmap for future direct searches.

Reference [13] shows, how the recent discovery of the Bs ! µ+µ� decay mode at LHCb constrains the
parameter space of warped models and how projected improvements in measurements of rare Kaon decays
will further narrow down these parameters. In particular the expected precision measurements from ORKA
[79] and KEK [1] have the potential to not only determine these localization parameters but also identify the
underlying electroweak bulk gauge group of the RS model. Figure 1-37 shows the reach of dijet searches in
dependence on the localization of the right-handed top quark (cu3), the orthogonal correlation of B(KL !

µ+µ�) and B(K+

! ⇡+⌫⌫̄) for the minimal and custodial model as well as the cu3 dependence of the size
of e↵ects in B(K+

! ⇡+⌫⌫̄) and B(KL ! ⇡0⌫⌫̄) in these two classes of models.

Models with further structure in the gauge and flavor sectors can lead to lower KK mass scales, which could
be in the reach of the 14 TeV LHC [12] or lead to interesting signatures like the flavor violating decay of the
KK gluon into top and charm quarks, testable at the an upgraded pp machine [99].

1.3.12 ‘Only’ the Standard Model

We now consider an ‘anti-discovery’ scenario where LHC14 with 300 fb�1 does not discover any additional
particles or observe any anomalies. Such a run will have significant acheivements: the LHC will have not
only discovered the Higgs boson, but will have made impressive progress in the program of precision Higgs
measurements. Projections for these are discussed in the Higgs working group report. The scenario we are
now considering also assumes that the improved measurements of Higgs couplings from LHC14 300 fb�1 are
consistent with their standard model values. It also assumes that there is no discovery of physics beyond the
standard model from the intensity frontier program (e.g. new flavor violation) or the cosmic frontier program
(e.g. dark matter direct detection). Any such discovery would be a sign of new physics that could be at the
TeV scale, giving additional motivation for continued exploration of the energy frontier. But if there is no
discovery of new fundamental physics, is our motivation for exploring the TeV scale reduced?

As discussed throughout this report, there are a number of big questions and big ideas that can be explored
at the TeV scale. The big questions that have the strongest link to the TeV scale are the origin of dark
matter and the naturalness of the Higgs boson. We discuss these questions in the context of the no-discovery
scenario below.

1.3.12.1 Dark Matter

Probably the best-motivated dark matter candidate is a weakly interacting massive particle (WIMP). This
requires only that the dark matter is a neutral stable particle that couples weakly to the standard model,
and that the dark matter particles are in thermal equilibrium with the standard model particles in the early
universe. In this scenario, there is an upper limit on the WIMP mass

m
WIMP

 2 TeV

✓
g2

e↵

0.3

◆
, (1.2)

where g
e↵

is the coupling strength between dark matter and the SM particles, which we have normalized to
the weak coupling in the SM. The dark matter mass can easily be at the TeV scale, and LHC14 with 300 fb�1
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BSM: Collider Reach

Snowmass new physics working group report

๏ energy versus precision
๏ pp: blind spot
๏ LC: mass limited, Ecm/2

2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.

pp, 100 TeV, 3000/fb
pp, 33 TeV, 3000/fb
pp, 14 TeV, 3000/fb
pp, 14 TeV, 300/fb
pp, 8 TeV, 20/fb
ee, 3 TeV, 1000/fb

Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.
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baryongenesis, phase transition
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Conclusion

๏ the discovery of Higgs is a remarkable triumph in particle physics

๏ a light weakly coupled Higgs argues for new physics beyond SM

๏ Search for new physics calls for both high precision machine and high 
energy machine

๏ HL-LHC: probe Higgs precision few% (factor of 2 increase), search for 
new physics limited (20% increase)

๏ 100 TeV pp machine: 

- probe energy frontier: BSM Higgs, naturalness connection, dark matter

- precision, H coupling, H3,H4,V3,V4 couplings (cosmo connection)

๏ FCC-ee/hh, CEPC/SPPC, ILC/CLIC...



S. Su 47

-

Conclusion

๏ the discovery of Higgs is a remarkable triumph in particle physics

๏ a light weakly coupled Higgs argues for new physics beyond SM

๏ Search for new physics calls for both high precision machine and high 
energy machine

๏ HL-LHC: probe Higgs precision few% (factor of 2 increase), search for 
new physics limited (20% increase)

๏ 100 TeV pp machine: 

- probe energy frontier: BSM Higgs, naturalness connection, dark matter

- precision, H coupling, H3,H4,V3,V4 couplings (cosmo connection)

๏ FCC-ee/hh, CEPC/SPPC, ILC/CLIC...

An exciting journey ahead of us!



S. Su 48

-

Conclusion

An exciting journey ahead of us!



S. Su 48

-

Conclusion

An exciting journey ahead of us!

LHC



S. Su 48

-

Conclusion

An exciting journey ahead of us!

LHC HL-LHC



S. Su 48

-

Conclusion

An exciting journey ahead of us!

LHC HL-LHC 100 TeV pp



S. Su 48

-

Conclusion

An exciting journey ahead of us!

LHC HL-LHC 100 TeV pp Lepton Collider



S. Su 49

-

BACKUP



S. Su 50

-

Gluinos and Squarks



S. Su 51

-

Gluino-Gluino 

LS
P 

m
as

s 

Excluded 

Squark mass 

LHC (now): BSM SUSY and BSM Highlights from the LHC
James PILCHER (University of Chicago)



S. Su 51

-

Gluino-Gluino 

LS
P 

m
as

s 

Excluded 

Squark mass 

LHC (now): BSM

gluino mass [GeV]
600 800 1000 1200 1400 1600

LS
P 

m
as

s 
[G

eV
]

0

100

200

300

400

500

600

700

800

900

m(gluino) - 
m(LSP) =

 2 
m(to

p)

ICHEP 2014
 = 8 TeVs

CMS Preliminary
1
0
χ∼ t t →g~ production,  g~-g~

-1) 19.5 fbT+HTESUS-13-012 0-lep (
-1SUS-14-011 0+1+2-lep (razor) 19.3 fb

-1 6) 19.3 fb≥
jets

SUS-13-007 1-lep (n
-1SUS-13-016 2-lep (OS+b) 19.7 fb
-1SUS-13-013 2-lep (SS+b) 19.5 fb

-1SUS-13-008 3-lep (3l+b) 19.5 fb

Observed
SUSY
theoryσObserved -1 

Expected

Excluded 

SUSY and BSM Highlights from the LHC
James PILCHER (University of Chicago)



S. Su 52

-

LHC/HL-LHC: gluino and suark

ATLAS-PUB-2014-010
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LHC/HL-LHC: gluino and suark

ATLAS-PUB-2014-010
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100 TeV pp: Neutralino/Chargino

VBF production becomes more important at 100 TeV pp as well.  

Dark Matter, WIMPS or Axions
Prof. Liantao Wang (University of Chicago)100 TeV pp
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Neutralino/Chargino: Compressed

NLSP production suppressed. 
Compressed spectrum, 
nearly degenerate LSP pair productions
ILC: Unique opportunity, MET+Initial State radiation.

SUSY Electrowinos including Higgs in the final state
Felix Kling (University of Arizona)
Dark Matter, WIMPS or Axions
Prof. Liantao Wang (University of Chicago)
Vector boson productions associated with new physics (VBF)
Prof. Bhaskar Dutta (Texas A&M University)
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LHC (now): Sleptons
dilepton  + MET  

ATLAS, 1403.5294
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LHC (now): Sleptons
dilepton  + MET  

ATLAS, 1403.5294
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Figure 1. Electroweak SUSY production processes of the considered simplified models.

In the scenario in which the χ̃±
1 is the next-to-lightest supersymmetric particle (NLSP),

the χ̃±
1 decays as χ̃±

1 → W±χ̃0
1. In direct χ̃+

1 χ̃
−
1 production, if both W bosons decay

leptonically as shown in figure 1(b), the final state contains two opposite-sign leptons,

either SF or DF, and large missing transverse momentum.

Another scenario is considered in which χ̃±
1 and χ̃0

2 are mass degenerate and are co-

NLSPs. The direct χ̃±
1 χ̃

0
2 production is followed by the decays χ̃±

1 → W±χ̃0
1 and χ̃

0
2 → Zχ̃0

1

with a 100% branching fraction. If the Z boson decays leptonically and theW boson decays

hadronically, as shown in figure 1(c), the final state contains two opposite-sign leptons, two

hadronic jets, and missing transverse momentum. The leptons in this case are SF and their

invariant mass is consistent with the Z boson mass. The invariant mass of the two jets

from the W decay gives an additional constraint to characterize this signal.

A scenario in which the slepton is the NLSP is modelled according to ref. [42]. Fig-

ure 1(d) shows direct slepton-pair production pp → "̃+"̃− followed by "̃± → "±χ̃0
1 (" = e or

µ), giving rise to a pair of SF leptons and missing transverse momentum due to the two

neutralinos. The cross-section for direct slepton pair production in this scenario decreases

from 127 fb to 0.5 fb per slepton flavour for left-handed sleptons, and from 49 fb to 0.2 fb

for right-handed sleptons, as the slepton mass increases from 100 to 370 GeV.

Results are also interpreted in dedicated pMSSM [43] scenarios. In the models con-

sidered in this paper, the masses of the coloured sparticles, of the CP-odd Higgs boson,

and of the left-handed sleptons are set to high values to allow only the direct produc-

tion of charginos and neutralinos via W/Z, and their decay via right-handed sleptons,

gauge bosons and the lightest Higgs boson. The lightest Higgs boson mass is set close to

125 GeV [44, 45] by tuning the mixing in the top squark sector. The mass hierarchy, com-

– 3 –
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(b)Worst case!

M1/M2 = sW2/cW2

๏ depend on M1/M2  
๏ sign of M1/M2 matters
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M1/M2 = sW2/cW2
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2L+MET cross sections
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